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IV 


1.  Summary 

The  University  of  New  Mexico  (UNM)  proposed  to  create  a  test  platform  for  performing 
Total  Ionizing  Dose  (TID)  testing.  The  project  was  to  be  led  by  the  researchers  at  the 
Configurable  Space  Microsystems  Innovations  and  Applications  Center  (COSMIAC)  at 
UNM.  The  Principal  Investigator  was  Mr.  Craig  Kief. 

COSMIAC  developed  two  CubeSats  for  delivery  to  the  National  Aeronautics  and 
Space  Administration  (NASA)  in  2013  and  2014.  This  gives  the  team  the  background 
to  be  able  to  understand  the  advantages  and  costs  related  to  flying  radiation  hardened 
parts. 


2.  Introduction 

The  current  trend  in  nanosatellites  is  the  use  of  a  standard  called  the  CubeSat.  The 
CubeSat  form  factor  is  described  with  the  use  of  “U”  for  units.  A  1 U  is  10cm  x  10cm  x 
10cm.  A  6U  is  10cm  x  20cm  x  30cm.  UNM  completed  the  design,  build  and  launch  of 
a  1 U  CubeSat  called  Trailblazer  (see  Figure  1 )  that  was  launched  in  November  of 
2013  upon  an  Operationally  Responsive  Space  (ORS)  mission.  In  addition, 

COSMIAC  is  working  to  complete  a  6U  spacecraft  called  ORS  Squared  for  launch  in 
late  2014.  This  spacecraft  is  shown  in  Figure  2.  These  small  spacecraft  provide  an 
optimal  solution  for  testing  electronics  in  flight.  However,  before  choosing  one  over 
the  other,  it  is  important  to  have  some  initial  radiation  test  results. 


Figure  1 .  Trailblazer  Satellite 
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Figure  2.  ORS  Squared 


The  team  said  that  they  would  use  the  provided  funds  to  complete  three  major  goals: 

•  Purchase  a  range  of  different  commercial  microcontroller  and  microprocessor 
equipment.  The  team  would  develop  a  list  of  the  most  promising  commercial 
parts  that  might  be  utilized  to  create  control  systems  and  modules  for  CubeSat 
missions.  These  parts  will  be  chosen  based  on  knowledge  of  their  proposed 
use  in  flight  missions.  The  parts  will  include  microprocessors,  microcontrollers 
and  memory  modules.  In  addition,  Field  Programmable  Gate  Arrays  (FPGAs) 
will  also  be  chosen. 

•  Develop  test  frames  and  platforms  for  use  in  testing  the  parts  in  a  Total  Ionizing 
Dose  environment.  Each  part  needs  to  be  mounted  onto  a  platform  that  will 
allow  electrical  and  physical  interconnection  to  them  during  the  test  phase.  The 
way  the  Total  Ionizing  Dose  (TID)  testing  occurs  is  for  the  parts  to  be  running  in 
a  routine  mode  and  then  to  be  exposed  to  the  radiation  source.  As  the  total 
dose  continues  to  increase,  there  should  be  a  way  to  tell  when  the  part  begins 
to  fail.  As  such,  the  test  regimen  needs  to  include  a  way  to  write  to  the  device 
as  well  as  reading  from  the  device.  The  results  should  be  stored  in  an  easily 
exportable  format  similar  to  an  Excel  spreadsheet.  The  time  should  also  be 
recorded  into  the  test  results  so  that  the  precise  time  of  failure  can  be 
documented.  It  is  from  this  precise  time  that  it  is  possible  to  tell  failure  times 
and  predict  flight  reliability. 

•  Publish  results  on  website.  The  true  power  of  these  results  will  be  to  the  small 
satellite  community.  The  results  will  be  added  to  the  other  analysis  results  that 
are  currently  on  the  COSMIAC  website  and  presented  at  conferences. 
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3.  Methods,  Assumptions,  and  Procedures 

One  of  the  most  promising  microcontroller  systems  the  team  looked  at  is  the  Beagle 
Bone  Black  (BBB)  system.  This  processing  board  can  run  an  entire  Linux  operating 
system.  Based  on  this  research,  COSMIAC  created  plans  to  fly  this  system  on  UNM’s 
second  satellite  to  be  launched  in  2014.  The  reason  this  processor  was  chosen  as  the 
main  controller  on  UNM’s  second  satellite  is  in  part  due  to  the  radiation  results 
obtained  from  this  funded  activity. 

Progress  has  been  made  on  these  goals  and  the  details  are  provided  below. 

Goal  1 :  Three  microcontroller  systems  were  chosen  for  testing.  The  three 
microcontroller  processors  with  their  associated  test  platforms  that  were  chosen  for 
testing  are  the  Cyprus  Corporation’s  Programmable  System-on-Chip  (PSOC),  the 
Beagle  Bone  Black  and  the  MSP430.  A  significant  amount  of  Operational  Amplifiers 
(OP  AMPs)  were  also  chosen  for  testing  due  to  their  ability  to  be  used  in  future 
missions. 

The  PSOC  (shown  in  Figure  3)  failed  immediately  in  the  radiation  environment.  Based 
on  these  initial  results,  no  further  testing  was  accomplished  on  PSOC  processors  and 
the  manufacturer  was  informed  of  these  results.  Based  on  the  feedback  that 
COSMIAC  provided  to  this  vendor,  they  have  begun  looking  into  different  testing  and 
design  parameters  that  might  improve  radiation  resistance. 


Figure  3.  Cypress  PSOC 


Approved  for  Public  Release;  distribution  is  unlimited 

3 


The  parts  that  proved  most  reasonable  for  future  testing  were  the  Beagle  Bone  Black 
(shown  in  Figure  4)  and  the  MSP430  (shown  in  Figure  5). 


Figure  4.  Beagle  Bone  Black 


Figure  5.  MSP430 


Two  Beagle  Bone  units  were  tested  in  Cobalt-60  source  on  Kirtland  Air  Force  Base  at 
a  dose  rate  of  53  radians  per  second.  The  test  software  was  designed  primarily  to 
access  the  memory  (or  file  system)  residing  on  the  embedded  Multi-Media  Controller 
(eMMC)  or  Secure  Digital  (SD)  card.  The  test  also  exercised  the  two  wire  port  and 
Ethernet  interface.  For  initial  irradiation  of  the  first  test  unit,  no  shielding  was 
used.  The  unit  quit  operating  after  17.9  kilo-radians,  due  to  loss  of  functionality  in  the 
SD  card  containing  the  operating  code.  With  SD  card  shielded,  the  unit  continued  to 
function  until  23.3  kilo-radians.  The  second  test  unit  was  irradiated  under  the  same 
test  conditions  with  SD  card  shielded.  It  failed  at  17.3  kilo-radians.  Another  unit  was 
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also  tested  without  failure  at  15  kilo-radians.  All  unit  were  subjected  to  an  anneal  at 
100  degree  Celsius  for  168  hours.  Unit  one  recovered  full  operation  and  unit  three 
remained  operational  after  the  test.  Supply  current  was  captured  in  Figure  6. 
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Figure  6.  BBB  Supply  Current 

Two  MSP430  units  were  subjected  to  high  dose  rate  irradiation  at  the  Cobalt-60 
source  with  a  collimator  used  to  shield  everything  on  the  development  board  except 
the  MSP430.  Dosage  values  were  determined  with  the  RadCal  Corporation’s  2026 
dosimeter  with  a  0. 1 8  cubic  centimeter  ionization  chamber  for  Cobalt-60  and  a  1 80 
cubic  centimeter  ionization  chamber  for  the  Cesium-137.  RadCal  Corporation’s  2026 
calibration  is  traceable  to  National  Institutes  of  Standards  and  Technology  (NIST) 
standards.  The  MSP430  microcontroller  was  operating  continuously  throughout  the 
test.  The  test  software  was  designed  primarily  to  access  the  memory,  communication, 
and  computational  circuitry  of  the  MSP430.  Data  was  logged  every  10  seconds  during 
the  test.  The  Co-60  source  was  dropped  every  10  kilo-radians  to  permit  the  supply 
current  to  be  logged  without  any  contributions  from  ionization  currents. 

MSP430  test  article  one  failed  at  244  kilo-radians,  and  test  article  2  failed  at  248  kilo- 
radians.  The  supply  currents  for  each  device  are  shown  in  Figure  7  as  a  function  of 
total  dose.  The  currents  showed  relatively  minor  (5mA)  fluctuations  up  to  200  kilo- 
radians,  but  dropped  precipitously  between  200  kilo-radians  and  failure.  Functionality 
could  not  be  recovered  by  annealing  at  100  degrees  Celsius  for  168  hours. 
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MSP430FR5739  Supply  Current 
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Figure  7.  MSP430  Supply  Current 


A  third  test  article  (MSP430)  was  irradiated  in  the  Cesium-137  source  at  10  milli- 
radians  per  second.  The  device  logged  data  every  10  minutes  and  was  removed  from 
the  source  after  250  days  of  continuous  operation  and  a  total  accumulated  dose  of 
212.8  kilo-radians.  The  device  remained  fully  functional.  The  test  was  halted  due  to 
unreliable  serial  to  USB  conversion  in  the  emulation  chip  incorporated  on  the 
evaluation  board.  The  emulation  chip  incorporates  flash  memory  and  although  it  was 
shielded  during  the  Cesium-137  irradiation,  it  still  received  21  kilo-radians  of  dose, 
which  is  a  typical  failure  level  for  embedded  flash.  The  MSP430  has  proven  to  be  quite 
robust  in  its  TID  response  and  is  under  consideration  for  several  CubeSat  missions. 

Total  ionizing  dose  exposures  at  high  and  low  dose  rates  were  performed  on  eight 
types  of  commercial  OP  AMPS  to  determine  their  failure  thresholds.  The  devices 
chosen  were  fabricated  with  either  Complementary  Metal-Oxide-Semiconductor 
(CMOS)  or  Junction  Field  Effect  Transistors  (JFET)  technologies.  No  evidence  of 
Enhanced  Low  Dose  Rate  Sensitivity  (ELDRS)  effects  were  identified  in  any  of  the 
CMOS  OP  AMPS.  Radiation  inclusive  macro-models  were  developed  to  facilitate 
simulation  of  circuit  designs  incorporating  the  devices  investigated. 

Goal  2:  A  separate  test  frame  and  software  to  support  testing  had  to  be  developed  for 
each  of  the  three  tested  platforms  and  the  operational  amplifiers.  Often,  the  testing 
software  could  be  modified  and  reused.  This  reduced  development  time  so  more  time 
could  be  spent  on  actual  testing.  Each  of  these  three  platforms  was  tested  in  the 
various  radiation  sources  on  Kirtland  Air  Force  Base.  The  Beagle  Bone  and  MSP430 
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performed  exceptionally  well  and  are  now  being  considered  for  space  flight  modules. 
The  PSOC  device  performed  poorly  and  was  not  considered  for  further  testing  or  use. 

Goal  3:  Test  results  are  still  being  analyzed  so  it  could  take  another  few  months  before 
the  website  is  updated.  Two  papers  have  been  submitted  to  the  Hardened  Electronics 
and  Radiation  Technology  (HEART)  conference  and  the  papers  are  included  as 
Attachments  one  and  two  of  this  report.  Test  results  have  already  been  provided  to 
scientists  in  the  community  in  advance  of  the  formal  final  report.  Further  discussion  is 
ongoing  about  potential  additional  radiation  testing  (total  dose  and  single  event). 

There  were  approximately  100  CubeSats  launched  in  the  past  year  so  dissemination 
of  this  information  to  the  broadest  audience  is  critical. 


4.  Results  and  Discussion 


The  MSP430  boards  as  well  as  the  Beagle  Bone  Black  units  provided  best  protection 
for  total  dose  radiation.  No  assumptions  can  be  made  about  upset  levels  related  to 
flight  at  Low  Earth  Orbit  (LEO)  however;  the  recent  advances  in  die  size  provide  a 
certain  amount  of  single  event  protection  that  should  be  investigated.  For  actual  flight 
beyond  LEO,  beam  testing  would  have  to  be  performed.  This  type  of  testing  is  not 
available  in  Albuquerque.  This  type  of  work  could  also  be  coordinated  with  NASA 
collaborators  as  they  have  the  same  constraints  associated  with  the  use  of  rad  hard 
processors  for  longer  duration  space  missions. 


5.  Conclusions 


As  shown  in  the  published  papers,  certain  processors  and  operational  amplifiers  that 
are  very  inexpensive  have  provided  the  robust  capabilities  needed  to  use  in  certain 
space  applications.  The  team  at  UNM/COSMIAC  is  now  working  with  these 
processors  to  help  to  develop  future  applications  and  missions  where  they  would  be 
utilized  and  are  creating  proposals  to  support  future  beam  testing  for  analysis  on 
single  event  effect  mitigation. 
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